Effects of short fiber with sub-millimeter length on tensile strain, " f and tensile strength, f were investigated for a bulk molding compound (BMC) glass fiber reinforced polymer (GFRP) composite with 20 mass% E-short glass fibers. The " f and f values of BMC-GFRP samples with 0.44 mm short fibers were almost 40 and 60% higher than that of BMC-GFRP samples with long fibers (3.2 and 6.4 mm in length), as well as more than 65 and 110% higher than that of the filled fiber free resin, respectively. The reduced fracture strain (" f =" f,6.4 ) and reduced tensile strength ( f = f,6.4 ) as a function of the fiber end density, E (cm À3 ) were expressed by the following equations with linear regression as (" f =" f,6.4 ¼ 1:21 Â 10 À7 E þ 0:965) and ( f = f,6.4 ¼ 1:51 Â 10 À7 E þ 0:998). Acoustic emission (AE) analysis detected microcracking was increased threefold by shortening the mean fiber length from 6.4 to 0.44 mm. Scanning electron microscopy (SEM) results showed increased fiber/matrix debonding at fiber ends and along fiber lengths in the 0.44 mm samples compared with that reported for 6.4 mm samples. The fiber debonding is thought to impart an internal strain field in the matrix surrounding each fiber resulting in volume expansion sites, hence compressive stress sites which absorb energy from an approaching crack tip front in the nearby vicinity halting the crack's advance. Therefore, more microcracks can be tolerated increasing fracture strain. Moreover, the critical crack length range for thermoset polymers was calculated to be approximately 0:50 < 2a c < 5:0 mm from reported K IC results in the literature, and is greater than the 0.44 mm mean fiber length. The probability of a microcrack propagating above 0.44 mm before it encounters a matrix compressive site, therefore is reduced. Furthermore, increased microcracking in the vicinity of the main crack tip acts to reduce the main crack tip stress concentration. All of these serve to prevent crack propagation resulting in enhancement of fracture strain in the
Introduction
Glass fiber reinforced polymers (GFRPs) containing short length fibers are a class of light-weight materials that have many applications, hence ways to strengthen GFRP are important tasks in its manufacture. Up to now, the effect of fiber length on mechanical properties of short-fiber polymer composites has not been covered extensively, however, particle size has been studied for ceramics. Smaller particle size accounted for higher strength in WC-Ni cemented carbide composites: strength was higher for fine WC particles of 0.5 mm as opposed to coarser 1.7 mm particles. 1) In Al 2 O 3 dispersed ceramics, smaller disc particle size of 16 mm diameter improved fracture stress 30% over 41 mm diameter particles. 2) This phenomenon may be attributable to increased internal strain fields surrounding each particle upon deformation resulting in localized volume expansion sites in the matrix, making compressive stress sites, which absorb energy from an approaching crack tip front in the nearby vicinity halting its advance. As a result, more microcracks can be tolerated increasing fracture strain and strength. Moreover, increased microcracking in the vicinity of the main crack tip acts to reduce main crack tip stress concentration.
For short fiber-reinforced polymers, stresses are known to concentrate at fiber ends. Tyson and Davies found interfacial shear stresses have been exceptionally high at fiber ends, 3) while in injection molded short 6.4 mm, 20 and 30 mass% Eglass fiber reinforced polyvinyl chloride (PVC), cracks have been found to initiate at fiber ends. [4] [5] [6] By shortening the fiber to sub-millimeter length, the resulting higher fiber end density may act to increase relaxation sites impeding crack growth above the critical length, 2a c .
However, a crack occurs in 3 dimensions and occurs in three modes: Mode I (tension, opening), Mode II (shear, sliding) and Mode III (shear, tearing). It is predicted that the critical crack length, 2a c (mm) is between 0.44 and 3.2 mm in the BMC. Since the fibers have been observed to be mostly aligned with the injection molding direction, the BMC is approximated as orthotropic. Williams has reported even if there is a mixed-mode or pure Mode II stress field at the crack tip, the crack propagates such that Mode I dominates at the subsequent crack front in isotropic materials. 7) This is also true for injection molded composites where microcracks and the main crack tend to form perpendicular to the loading direction, 11 . 4, 5) Based on the fracture toughness and tensile strength of the matrix, the critical crack size of the matrix is estimated using Mode I loading in eq. (1):
where K IC is fracture toughness (MPam 1=2 ), y is assumed to be the yield stress of plastic deformation of the matrix (MPa) and a (m) is the critical crack radius for propagation calculated in eq. (2):
To give a background, K IC for ceramics SiC, Al The critical crack length 2a c range for thermoset polymers was calculated to be approximately 0:50 < 2a c < 5:0 mm, from K IC values in the literature. 11, 12) To conform with these findings, that it is possible to increase fracture strain and tensile strength by shortening fibers in the BMC-GFRP the effects of sub-millimeter fibers on fracture strain and tensile strength have been investigated. 3 .00 mass% aluminum silicate, and 0.10 mass% magnesium oxide. 13) A matrix composite without glass fibers was made for comparison and had an identical composition as the fiber-containing samples omitting the fibers.
For all pastes, the components were mixed in a double-arm sigma blade mixer for 20 min at room temperature. The paste was allowed to stand for several hours and then injected molded into an ASTM D-637 family mold with a 3:03 Â 10 5 N (75 ton) New Britain with the following processing parameters: mold temperature 436 K (163 C), barrel temperature RT, injection pressure 3.50-6.90 MPa, hold time 15 s, and cure time 1.5-2.0 min.
13)

Fiber length
Fiber length was varied including 6.4 mm, 3.2 mm, and masticated (0.44 mm) in the GFRP. Fibers were 14-15 mm in diameter. The masticated samples were prepared by crushing the finished paste containing 3.2 mm fibers with a large sigma-blade Banbury mixer for an additional 30 min. The fibers in the matrix were shortened considerably and were not observed to be broken in the longitudinal direction. The CaCO 3 filler was not affected. The masticated paste was then left to stand overnight with the rest of the pastes before injection molding.
Average fiber length, l of the masticated samples was measured to be 0.44 mm with a standard deviation of 0.203 mm by SEM. 13) In general, two standard deviations comprise approximately 95% of the population, which is 0:04 mm < l < 0:85 mm indicating a wide distribution from the additional mixing but still much shorter than the next average highest length tested of 3.2 mm. For this study, the masticated samples will be referred to as the ''0.44 mm samples''. The matrix composite without glass fibers will be referred to as the ''0% glass samples''.
Fiber coupling agent
Owens Corning OCF-405 coupling agent was 1.2 mass% of the finished product. Fiber treatment began with preparing a water-epoxy resin emulsion, which is approximately 70 mass% by weight water and 30 mass% resin. The interfacial adhesion promoter, -methacryloxypropyltrimethoxysilane was approximately 1 mass% of this emulsion. The fibers were then coated with this emulsion and cured. The composition which remained on the fibers is proprietary.
13)
Tensile test
Tensile experiments were carried out with an Instron testing machine at a strain rate of 0.1%/min. At least 5 runs each were made for the 6.4, 3.2 and 0.44 mm samples, respectively while 3 runs were made for the 0% glass samples. Samples used for all tests had a gauge length of 100 mm, a width of 12.6 mm and a thickness of 3.3 mm, hence the cross-sectional area was 42.0 mm 2 . Strains were measured with a 25.4 mm (1.000 in) extensometer while stresses were measured with the Instron testing machine.
Acoustic emission (AE) measurement
Acoustic emission (AE) during tensile testing was monitored using a PAC R-15 piezoelectric crystal transducer with a maximum sensitivity of 150 Hz supplied by the Physical Acoustics Corporation. To insure efficient signal transmittance, an acoustic couplant was applied between the sensor and tensile specimens. AE signals were amplified and recorded by a PAC 3000/3004 system. The threshold amplitude was set at 25 dB to filter out extraneous background noise. Guard sensors were applied to both specimen grips. AE event distribution in dB was assessed.
Scanning electron microscopy (SEM)
A Jeol JSM-35CF scanning electron microscope was used to observe polished and fracture surfaces of the composite to correlate with the sequence of acoustic emission (AE) events. Specimens were polished with alumina powder and sputtered with Pt. A three-point bending apparatus was employed to examine the progression of damage events in the SEM. Specimens were cut and tested along the longitudinal direction to conform with the tensile tests. A detailed description of the three-point bending apparatus is given in Sato et al. 14) 3. Results 3.1 Influence of fiber length on tensile stress-strain curves of BMC-GFRP Figure 1 shows the stress-strain curves of GFRP for the different fiber lengths. The comparative plot is shown for typical runs representative of the four types of samples. 13) The trend follows that of several specimens tested and shows a significant improvement in tensile properties where the masticated samples containing the shorter 0.44 mm length fibers had the highest fracture strain, stress and toughness followed by the 3.2 mm, 6.4 mm and 0% glass samples, respectively. Although there was not a large difference in initial hardening moduli of the four types of GFRP samples, this represents a hierarchy of strength as mean fiber length is shortened: 0:44 mm > 3:2 mm > 6:4 mm, with the 0% glass samples having the lowest values. Figures 2 and 3 show photographs of polished and Ptsputtered 0.44 mm fiber length BMC samples undergoing flexural deformation in the three-point bending apparatus at low strains in the SEM. Figure 2 shows a considerable amount of fiber end debonding and debonding along the fiber lengths. These appear as white areas probably due to fracture of the Pt coating during the flexural deformation. Damage along the fibers is accompanied by voiding and a small amount of microcracking in the matrix. The microcrack in the bottom half of the photo is about 0.13 mm long. These matrix microcracks appear to originate independent of the fibers and are generally perpendicular to the loading direction. Figure 4 illustrates damage occurring in the 0.44 mm fiber length BMC samples at high strains close to fracture showing larger crack formation occurring as matrix-filler separation and fiber pullout. Fiber ends can be seen projecting out of the matrix, indicating fiber pullout during large crack formation. SEM analysis did not find fiber fracture at high strains. The sample is undergoing flexural deformation in the three-point bending apparatus and was taken at a higher magnification. Fiber reinforced samples contain 20 mass% E-glass fibers. 10 µ µm Fig. 3 Enlarged view from Fig. 2 showing fiber end debonding and debonding along the fiber lengths accompanied by short matrix cracks. Fig. 6 is the increase in tensile strength (fracture stress), f (MPa) which resulted from the fracture strain increase. The left arrow shows the highest strength was exhibited by the 0.44 mm samples at 46.0 MPa, a 58.6% improvement in f over the 6.4 mm commercial samples at 29.0 MPa. The strength of the 3.2 mm samples (32.5 MPa) was closer to that of the 6.4 mm samples, followed by the 0% glass samples which exhibited the lowest value at 19.1 MPa. Figure 6 shows a hierarchy of strength follows the hierarchy of fracture strain: 0:44 > 3:2 > 6:4 mm as fiber length is shortened.
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Volume fraction and fiber end effects
In E-glass fiber reinforced polymer composites, it is welldocumented that fiber ends are common sites for damage. [3] [4] [5] [6] Tyson and Davies found by photoelastic experiments that interfacial shear stresses were higher than theories predict, most notably at the fiber ends.
3) Yuan et al. reported debonding at fiber ends was a dominant mechanism in Eglass fiber reinforced PVC. 4, 5) Since matrix damage at fiber ends appears to be a dominant fracture mechanism in toughening the BMC, fiber end density, E (mm À3 ) was calculated to quantify its effects on normalized tensile fracture strain, " f =" f,6.4 and tensile strength, f = f,6.4 normalized to show improvement over commercial 6.4 mm samples.
One factor important for toughening is fiber volume fraction, V f and was held constant at 20 mass% E-glass fibers. Therefore, the fiber end density is calculated from measuring the weight and volume of a given BMC sample to obtain V f :
where m c is the mass of the sample (Mg), g is E-glass fiber density (Mgm À3 ), and V c is the sample volume (m 3 ). g for E-glass was estimated to be 2.62 Mgm À3 , 15) therefore V f for the BMC was calculated to be 0.1317.
Total fiber length l tot (mm) is expressed in eq. (4):
where V g (mm 3 ) is the volume of glass fiber in 1 mm
, and r is the fiber radius (7 Â 10 À3 mm). The fiber end density, E (mm À3 ) therefore, is calculated in eq. (5):
where l fiber is average fiber length (mm). E is equal to 3:89 Â 10 3 , 0:535 Â 10 3 , and 0:267 Â 10 3 mm À3 for l fiber of 0.44 mm, 3.2 mm and 6.4 mm samples, respectively.
Figures 7(a) and (b) show the effect of E on " f =" f,6.4 (a) and f = f,6.4 (b) exhibiting the marked increases in fracture strain and tensile strength with increasing fiber end density. Figure 7 (a) shows the trend in normalized fracture strain, " f =" f,6.4 , with respect to the 6.4 mm commercial samples showing the high fiber end density is related to over 40% improvement in fracture strain from 1 to over 1.4. The linear regression obtained is shown in eq. (6):
where the coefficient of determination, R 2 is 1.000. Similarly, Fig. 7(b) illustrates the effect of fiber end density, E on normalized tensile strength (fracture stress), f = f,6.4 . Figure 7 (b) shows the nearly 60% improvement from 1 to 1.58 and the linear regression is expressed in eq. (7):
where R 2 is 0.983. The fourth point for the 0% glass samples was not included in the linear regression calculations. Again, since shortening fibers did not largely affect the initial hardening modulus, the tensile strength was mainly dominated by fracture strain in the BMC. 4.4 Number of low and high amplitude AE events as a function of fiber length To assess amount of microcracking, acoustic emission (AE) was employed. Pioneered by Kaiser, 16) acoustic emission AE has been a common tool in investigating damage processes in a wide variety of materials including metals 17, 18) and composites. 5, 19) From the tables reported in Faudree et al. Figure 8(a) shows AE events during the tensile tests in the low amplitude (25-60 dB) range, which have been correlated with small-scale damage such as microcracking and fiber end debonding. 5, 13, 19) For example, fiber reinforced composites used in dentistry under flexural loading emitted low amplitude AE 25-60 dB events corresponding to polymer matrix cracking, 19) while Yuan et al. reported E-glass reinforced PVC undergoing tension emitted AE in the same range, between about 25-60 dB corresponding to fiber-matrix debonding. 5) Results of Fig. 8(a) follow the hierarchy in Figs. 1, 5-6 , as fiber length is decreased, microcracking detected by AE increases along with fracture strain and tensile strength. Figure 8(a) illustrates the 0.44 mm BMC samples had more than a threefold increase over the 6.4 mm samples in the 25 dB to 60 dB AE range, N AE, low , from under 2,000 to over 6,000 events. This is evidence of increased microcracking as fibers are shortened to 0.44 mm and supports the SEM results in Figs. 2 and 3 . While 25-60 dB AE showed a sharp increase in the 0.44 mm samples, SEM analysis at low strains showed markedly increased matrix damage at fiber ends and along fiber lengths compared with that reported for 6.4 mm samples in Faudree et al. 13) Again, low amplitude AE events have been correlated with fiber end debonding. 5, 19) Basic principles of fracture mechanics for toughening of materials can explain the increase in fracture strain. Figure 9 illustrates the debonding at fiber ends is thought to impart an internal strain field in the matrix surrounding each fiber resulting in volume expansion into compressive stress sites which absorb energy from an approaching microcrack tip front in the nearby vicinity. This halts the crack's advance. Since the density of these compression sites is markedly increased in the 0.44 mm samples compared with the 3.2 mm and 6.4 mm in Fig. 10 , cracks have a shorter distance to propagate where stress is above the critical. Figure 10 shows cracks propagating longer distances without encountering a compressive site in the three dimensional schematic. Figure 11 is a schematic of crack propagation being reduced from increased micro-compressive stress sites in the matrix. This is approximating Mode I crack propagation occurs in general. 20) Microcracks would have to twist and turn to get around the relaxed areas but twisting and turning tend to close the crack. 20) In addition, the average distance between stress relaxation sites is decreased in the shorter fiber environment, more cracks are stopped, thus more microcracks can be tolerated increasing the fracture strain. Moreover, the critical crack length range for thermoset polymers was calculated to be approximately 0:50 < 2a c < 5:0 mm, and is greater than the 0.44 mm mean fiber length. 11, 12) The probability of a microcrack propagating above 0.44 mm before it encounters a matrix compressive site, therefore is reduced. In addition, the increased microcracking in the vicinity of the main crack tip acts to lessen the main crack tip stress concentration. All of these serve to prevent crack propagation resulting in enhancement of fracture strain and stress markedly in the BMC-GFRP.
Note in Fig. 8(a) , sample-to-sample standard deviations (bars) clearly demonstrate an increase with decreasing fiber length. In the 0.44 mm samples, this is probably due to a wider fiber length distribution from the additional mixing where 95% of the population was 0:04 mm < l < 0:85 mm (Section 2.2). This would increase sample-tosample AE emission variance, hence, the microcracking rate variance. Note the bottom of the standard deviation bar in the 0.44 mm samples was higher then the top of the bar of the 3.2 mm samples. As mentioned earlier, in the 0.44 mm samples 95% of the population was less than 0.85 mm, still significantly shorter than 3.2 mm, indicating the strong correlation. Figure 8 (b) shows high amplitude AE events ranging from 60-100 dB, which correlate with the fracture energy of the main crack, the large-scale matrix-filler separation and fiber pullout just prior to fracture.
13) The figure illustrates the 0.44 mm BMC samples emitted more than two times the AE events as the 6.4 mm samples in the 60 dB to 100 dB AE range, N AE, high : from under 400 to 800. Since average energy per 60-100 dB AE event (E/N AE, high ) was calculated to be approximately equal for all the fiber-containing samples, total fracture energy of the main crack was higher in the 0.44 mm samples indicating a more jagged pathway through the web of increased microcracking present.
Conclusion
The effects of shortening fibers to sub-millimeter length on tensile strain, " f and its influences on tensile strength, f Fig. 9 Three-dimensional schematic showing higher fiber end density, E (mm À3 ) in the 0.44 mm samples initiating compressive stress sites, which absorb the energy of approaching crack tip fronts halting the cracks. Fig. 10 Three-dimensional schematic illustrating cracks continuing to propagate with less compressive stress sites in the 3.2 and 6.4 mm fiber length samples. Fig. 11 Schematic of crack propagation length, l o being reduced from increased micro-compressive stress sites in the matrix. 20) improvement was investigated in a glass fiber reinforced polymer bulk molding compound (BMC-GFRP) composite with 20 mass% E-short glass fibers.
(1) The 0.44 mm fiber length samples exhibited almost 60% improvement in tensile strength at fracture stress and more than 40% improvement in fracture strain. Their improvements were remarkably higher than those of BMC-GFRP composites with millimeter length (3.2 and 6.4 mm), as well as those of the filled fiber-free resin.
(2) The critical crack length range for thermoset polymers was calculated to be approximately 0:50 < 2a c < 5:0 mm from reported K IC results in the literature, and is greater than the 0.44 mm mean fiber length. The probability of a microcrack propagating above 0.44 mm before it encounters a matrix compressive site, therefore is reduced.
(3) When the fiber end density, E (mm À3 ) is equal to 2l tot =l fiber , where l fiber is the average fiber length (mm), the normalized fracture strain (" f =" f,6.4 ) is expressed by the following equation by linear regression: where the coefficient of determination R 2 was 0.983. (5) Acoustic emission (AE) along with scanning electron microscopy (SEM) results showed increased density of small cracks, mainly debonding at fiber ends increasing with decreasing fiber length.
(6) The number of low amplitude AE events (25-60 dB) showed a positive correlation with fiber end density.
(7) The improvement in the fiber-containing samples can be explained by increased internal strain fields surrounding each fiber end and along the length upon deformation resulting in localized volume expansion sites in the matrix, making compressive stress sites, which absorb energy from an approaching crack tip front in the nearby vicinity halting its advance. As a result, more microcracks can be tolerated. Moreover, increased microcracking in the vicinity of the main crack tip acts to reduce the main crack tip stress concentration.
